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Accurate method for determining adhesion of cantilever beams
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Using surface micromachined samples, we demonstrate the accurate measurement of cantilever
beam adhesion by using test structures which are adhered over long attachment lengths. We show
that this configuration has a deep energy well, such that a fracture equilibrium is easily reached.
When compared to the commonly used method of determining the shortest attached beam, the
present method is much less sensitive to variations in surface topography or to details of capillary
drying. [S0021-897€29)00414-4

I. INTRODUCTION the substrate and can generate forces that collapse the struc-
tural member onto the substrate. Subsequently, the polysili-

now being used in selected commercial products including;(,:vOn mat(_arlal may remain a_1dhered to the substrate after the
ater dries. The problem is also commonly referred to as

airbag accelerometers for automobflend active optical . C. . .
stiction.” Numerous efforts have been directed at measur-

elements for projection displays. Due to their potential for . ) : .
low-cost manufacturing, many other microdevice designéng autoadhesion and correlating to chemistry or roughness

and applications are currently being developed of the interfac€ % A supercritical drying procedure can be
Microrelays? gyros® optical switche€.and security devicés used to eliminate capillary forces during drying and prevent

are just a few examples. However, autoadhesion, or SIC)omé_urfaces from coming into contact initiaI?_Q.However, this
neous sticking between MEMS structures, remains a majoPProach does not address autoadhesion of surfaces that
limitation in bringing this new class of engineering devicesC0Me into contact while devices are in operation. Many coat-
to the broader market. MEMS are particularly susceptible tdnd Processes aimed at reducmglg gge surface energy of poly-
autoadhesion because the structural membdjsare con-  Silicon have also been exploré_a.‘ Even though some of
structed in close proximity to each othéwithin several these_ coating strategies, particularly thosg based_ on sﬂane
ums); (2) are highly compliant due to their extreme length- COUPliNg agents, have shown some promise for improving
to-thickness aspect ratio; an®) have large surface-to- Manufacturing yield and MEMS performance, their optimi-
volume ratios which increase the relative importance of ad#ation requires a quantitative approach for measuring surface
hesive surface forces. If the miniature structural members ar@nergy directly on micromachined devices. The interacting
brought together by surfadeapillary, electrostaticor iner- effects of coating material, roughness, and environmental ag-
tial (shock, rapid air flow forces, they may remain adhered ing on adhesion and friction must be understood in order to
after the external force is removed. Autoadhesion can lead tguarantee that the effect of surfaces forces on performance
catastrophic failure of a MEMS device. and reliability of micromachines will allow proper operations
From a practical point of view, autoadhesion is known to0f devices over their lifetimes.
limit manufacturing yield of silicon-based, surface microma- A theory and experimental method for measuring sur-
chined MEMS. In these devices, structural members are faface energy of micromachined cantilever beams has been
ricated using successively patterned depositions of thin-filnProposed by Mastrangelo and H§tr'* They model the role
polycrystalline silicon(polysilicon) and sacrificial oxide lay- ©f capillary forces in bringing beams into contact with the
ers. This manufacturing approach is a direct outgrowth ofubstrate and determine critical beam lengths for beam
silicon-based microelectronics. Autoadhesion can occur durcollapset* As drying continues, the capillary volume dimin-
ing the final step of surface micromachine fabrication afterishes leaving only surface-driven interfacial adhesion. Adhe-
the polysilicon structural elements are rendered mechanicall§ion of the dried cantilever beam is predicted by considering
free by selectively etching away the sacrificial oxide layersthe elastic energy in the deformed beam, which is attempting
in a hydrofluoric acid solution, which does not dissolve theto pull the beam up off the substrate, and the surface energy
polysilicon. During the final stage of drying from the wet that is promoting continued adhesion. By considering these

etch, capillary menisci form between the released beams arfwo factors, Mastrangelo and Hsu calculated peel botinds
and the adhered length in the limit where the capillary vol-

3E|ectronic mail: mpdebo@sandia.gov ume vanishes.
bElectronic mail: tamicha@sandia.gov Mastrangelo and Hsf predict two configurations in

Web page: http:/www.mdl.gov/Micromachine which autoadhered cantilever beams may be fotwel will

Microelectrochemical Systems or MEM&ef. 1) are
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II. MECHANICS OF ADHERED CANTILEVER BEAMS

A. Beam deformations

The total energy of the adhered beam is a surtapthe
elastic energy stored by bending a beam into contact with the
substrate, andb) the surface energy reduction achieved by
forming a beam/substrate interface. Solving for the minimum
total-energy system allows one to directly determine the
equilibrium surface energy. The first step in this approach is
a quantitative evaluation of the stored elastic energy in an
(b) L adhered beam.

In the absence of externally applied forces, the deforma-

FIG. 1. (a) S-shaped beamsn=0) are attached over a long lengih(b) tions for an adhered beam are given by MH as
Arc-shaped beamar(=3/2) are attached only very near their tips.

U =hr([m(s) -2 +[3-m(s)]} 7=, (@

whereh is the height of the support postis the thickness of
subsequently refer to Ref. 10 as MH.ong beams are ad- (e beamL is the beam length, arglis the crack lengtitsee
hered over a large fraction of their length, and bend into an $!9- 1. The attachment lengtti is the length along which
shape as in Fig. (8. The nonadhered length from the sup- (€ WO materials are in contact, amt=L—s. The slope

port post to the point at which the beam comes into contacg@rametem is defined byg=m(h/s), wheref is the shear
with the substrate is, and the length of the beamis sig- angle of the beam tip. From MH, the functional form rof

nificantly greater thas. In this article, we assume a fracture derived from beam shear theory is

mechanics formalisrf and calls the crack length. Alterna- 16/t\3/t 15/d\?/ E

tively, short adhered beams contact the substrate only at their 5 H) (g +§( f) (G_zﬂ

tip, and the beams assume an arc-shaped deformation as in m(s)= 32 03T 5 d2 ET 2
Fig. 1(b). In this case, the crack lengths very nearly equal 1+ — _) “l1+ = _) (_)

to L. 15\d) \s/|~ 32\ t] \Gg/|

MH argue that either adhesion geometry can be used t@hereE andG, are the Young's and shear modulus, respec-
extract a quantitative measure of micromachine surface envely. E/G,=2(1+ v)~2.44, wherery=0.22 is Poisson’s

ergy. For S-shaped beams, the crack lersgthn be used to (atio for silicon.

determine the apparent surface energy. However, an out-of- Eqgr the S-shaped beant>t. Consequently,m ap-
plane measurement technique is required to determiRer-  proaches zero implying negligible shear deformations at the
haps because such a method is not commonly available igyack tips. In the limit whens approaches., mis a strong
laboratories, MH recommend using the arc-shaped beanunction ofd, reaching a maximum value of 3/2 for vanish-
Then, using a high-power objective on an optical micro-ing d. The nonzero slope parameter corresponds to shear

scope, adhesion energy is determined by observing the shogeformations induced when adhesive contact is localized to
est beam to remain adhered within an array of beams ohe beam tip.

various lengths. MH demonstrated the shortest adhered beam The assumptions in the MH analysis af&) small de-
approach on polysilicon micromachined beams having bothormations such that linear elasticity applié8) a rigid can-
hydrophilic and hydrophobic nature. Although their mea-tjlever support post and substrat8) free slip of the beam
surements yield surface energy of reasonable magnitudgyer the substratd?) attractive forces that operate only be-
they were not able to distinguish between hydrophilic antween contact portions of the beam and substrate surfaces;

hydrophobic surfaces. _ _ (5) no residual strai{curvature in the beam; and6) per-
In this article, we examine the adhesion measuremerfectly smooth beam and substrate surfaces.

approach proposed by MH in detail. Using interferometry to
measure beam deformations point by point, we extend the . o
experimental measurement to include adhesion of S-shapdtl Mechanical equilibrium

beams. By taking this approach we directly address the fol-  |n this section, we extend the analysis of MH to inves-
lowing outstanding questions: tigate the mechanical equilibria of the S- and arc-shaped
(1) Do the deformations predicted by MH, which are cases. We shall find that the energy well is much deeper for
subsequently used to calculate strain energy, match actugde S-shaped than the arc-shaped deformation andnthah
beam deflections? only take on values near O or near 3/2.
(2) What is the behavior of beams in the transition from  ysing the deformation characteristics from the previous
the S to the arc shape? How are the equilibria for the S- angection, the elastic strain energy in an adhered beam is given

arc-shaped beams attained? by

(3) Are the values for adhesion between S and arc- > 2 ) )
shaped beams equivalent? If not, what factors influence mea- |, _El S( d_”) X_GE”‘ (1—m(s)+m (S)> @
sured differences? E7 2 Jo\dx® s® 3 )
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FIG. 2. (8 Uy andmvs s for L=400 um and'=3.66 mJ/m. Local minima exist as} andsj . The minimum inU is approximately—7 pJ.(b) At L
=275 um, the relative values dfi at s} ands} have changedc) At L=242.3um, the extrema a$; ands; have merged ints},. (d) Close up of(c)
in the vicinity of s§ . The minimum inU+ at s} is only 10 fJ.

and
?—dZUT>O
d .

) . . To characterize the system equilibrium, we determine
wherel is the energy of adhesion per unit area. The surfacgigple values ol for various length beams assuming a

energy term is negative because energy is reduced when Sujzed value of. A straightforward method to solving E¢f)

faces come into contact. For clean smooth surfaces, whicfy by the graphical method. It is necessary to elimincte
are reversibly separated, we expect the adhesier2y,  from Eq.(2) usingd~L —s. Then, Eq.(2) can be rewritten
where y is the surface energy of the material in question.zg

Because the beam and substrate are made of the same mate-
rial, no separate interfacial energy exists and the adhesion
energyl’ is simply twice the surface energy. In actual micro-
machined beams, factors such as surface roughness and c
illary condensation must be considered when evaluating th
effective surface energy.

wherel =wt3/12 is the beam moment of inertia. Equati@
shows that as the crack lengtldecreases, the stored elastic
energy increases. The surface enellyyis

Us=-Tw(L-s), (4)

(6b)

A(s)

M A "

W?’iereA(s) is defined in terms of known constants and vari-
Sbles as

The total system energy: is the sum of the elastic _16) t 3/t L—s\?
strain energy and the adhesive surface energy: s)= 5lL—s/ |s 1+1.14 t : ®
6EIwh? mA(s) Using Eqgs(5), (7), and(8), we plot in Fig. 2U+ vs s for
= = f— —_ —_ - ) L] ) . T
Ur=UetUs=—g—|1-m(e)+—3 ) Fw(L=s). various values oL assumingl’=3.66 mJ/m, t=2.3 um,

(5  h=1.8um, andw= 20 um (reflecting the data for hydropho-
System equilibrium is determined by stable valuesUgf bic samples in Sec. Ill belowThe state in which the system

defined by will reside is the lowesteachableminimum for U after
drying. In Appendix A, we estimate two characteristic
%_ 63) lengths,Lj, 0 andLp . The former is the minimum length
ds ' beam which will be brought into contact with the substrate at
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an angle of 0° as its tip, while the latter is the shortest beam

which will be brought into contact at an angle greater than P M
0°. The reachable minimum, after drying is complete, de-
pends on the shortest value ®f s, achieved while exter- M P

nal forces pull the beam into contact with the substrate. As
seen in Appendix A, this depends on both the surface tension
of the liquid as well as its contact angle with the substrate. Ik G. 3. Free-body diagram for an S-shaped beam. The force and moment
this example, we shall takegy,,=Ljp 0=200um for S-shaped are provided by the support post on the left-hand side. On the right-hand
beams reflecting a receding contact angle during the dryingde’ the moment and tensile force develop due to adhesive forces. When the

' — ono ttachment lengtd becomes too short, the S shape can no longer be main-
process off.,=80°. tained

Figure 2a) is a graph ofU; andmvs s for L =400um.

For smalls, Ut grows large due to bending strain energy

Ug, while mis near 0. Note than (plotted on a logarithmic g aprupt transition im from 0 to 3/2 ad_ decreases. Physi-
scalg is not exactly 0 because the theory accounts for beargy|ly, it can be related to the high stored strain energy in the
shearing at the crack tip, which exists to a small degree eveg_shaped beam relative to the arc-shaped beam. Consider the
for the S-shaped beam. For IargeU_T increases because free-body diagram in Fig. 3. To maintain the S shape, a
surface energy)s becomes substantial. However,®s'L,  sjgnificant moment resulting from the adhesion over the at-
m rapidly begins to increase towards 3/2, reflecting thezchment lengtld develops at the crack tip. Whetbecomes
change from the S to the arc shape. A commensurate dgsg short, the beam snaps to the arc shape because it is en-
crease irJg occurs, and is manifested as a local minimum ingrgetically accessible. The required moment arm reduces to a
Ur. Regarding stability, at] =229, s;=398.2, ands;  yajue very near 0, and dramatically decreases from 9.3 to
=399.76 um, Eq. (63) is satisfied, but Eq(6b) is satisfied g 2 ;m

only atsy =229 ands3 =399.76um (s* refers to the local As L decreases further, the beam no longer comes into
extrema. The absolute system minimum Wy of =7 pJis  contact at a slope ah=0 for L <L, o=200um. As shown

at sy =229 um with m=0. It is approached and reached j, Appendix A, the tip is still brought into contact fdr

from the left-hand side because, before dryig,<s;. The > . =115.6um. Therefore, the beam remains adhered at
local minimumU+ at s3 =399.76 um is not reachable. For its tip with m~3/2 after the capillary dries. However, ht

long beams such as in Fig(a, the fracture equilibrium is  —161.9 um, the shallow energy well att disappears and
stable due to the relatively deep well of 8 pJsiit, and is  the attachment lengthi vanishes. Note that the deflections
independent of beam length. Note thatsif, were greater are equivalent to the case of point loading for arc-shaped
thans} , as large as-390 um, the same equilibrium would  heams whem— 3/2. Therefore, as the capillary drop at the
be achieved as the sample dries. Then, the equilibrium igeam tip dries fok. <161.9 um, the beam should pop off if

reached from the right, but the same equilibrium is foundihe adhesion is equivalent for S and arc-shaped beams.
because of the depth of the energy well arosid

In Fig. 2(b) the plot is repeated dt=275 um, where _
important details have changed. The valudJgi=2.2 pJ at C- Adhesion
S;_c has increased because the relative contribution of the sur- From a fracture mechanics perspecﬁ(‘/a, crack driving
face energy terni'w(L —sT) has decreased. There are againforce is derived from the strain energy release Gigefined
two values ofs* for which both Egs(6a and (6b) are sat- gs
isfied, namely, as} =229 andsj =274.80um. The system
minimum is now asj . It is not reachable frors,,;, because G= 1du )

of the energy barrier of about 0.8 pJ st relative tosj . w ds’

Therefore, the system remains in the local minimuns@at  Here, the rate refers to changing values.othe adhesion is

with m=0 when drying is complete. The energy wellsit  getermined when the strain energy release Gtmuals the
is now much more shallow than in Fig(@, 0.5 pJ. Yet, if  ¢rack resistance or adhesibhi.e.,

Smin Were greater thas} , as large as-270 um, the same

equilibrium would be achieved from the right sf. G=r. (10
As seen in Fig. &), the local minima ats] ands;  This is identical to the conditiof6a) above. Combining Egs.

merge ad. decreases to 242,3m. Now there are only two (3) and(10) results in

values ofs which satisfy Eq.(6a), namely, ats},~233 um

. _ o Et3h? m(s)
ands; =242.12um. Of these, only the latter value satisfies — g= [(354)[ —m(s)+1
Eq. (6b). The value ofs*,~233 um has increased slightly 2 3
above the earlier value sf =229 um at this transition point dm(s)[ 2m(s)
because the contribution of surface energy continues to di- +(s73) ds 3 —1”. (11

minish. The system minimum & is now reachable, but the
value ofm changes dramatically from nearly 0 to nearly 3/2. Knowing E, t, andh, G can in principle be determined for
The energy well ats} is now exceedingly shallow, only anyadhered beam by measurisgm, anddnm/ds. As seen
~0.01 pJ, as can be seen in FigdR from the discussion of equilibrium above) can take on
The disappearance of the stable minimuns@implies  values only very near 0 or very near 3/2. For beams adhered
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in the S shapenis slowly varying, and hencelm/dscanbe  CHy(CH,),;SiCl; (ODTS). We shall refer to these as the
taken to be 0. Regarding beams adhered in the arc shape, ith§drophobic samples. ODTS has been investigated as a
difficult to experimentally determine a value fom/ds. The promising molecule for minimization of adhesion in
exception is for the shortest adhered beam in the arc shapmeMS 8222%3%The head group of the organosilane is hydro-
where againdn/ds is 0. Therefore, practically speaking, an lyzable, which facilitates the formation of covalent siloxane
adhesion measurement for arc-shaped beams is only possiending to the substrate hydroxyl groups as well as between
for the shortest adhered beam. Hence, the two limiting casaseighboring silane molecules to form a well-attached orga-

of Fig. 1 give rise to the expressions nosilane layef! Meanwhile, the CH tail groups exposed to
3 Et3h2 the surface exhibit low surface energy20 mJ/nf), and are
=§<T), for m=0, (129  hydrophobic(contact angle~1109. Following the recipe
prescribed in Ref. 22, the specimens were transferred from
and water to isopropanol to isoctane, a series of solvents for
3/ E3h2 which the next is miscible with the previous. The specimens
= _( —|, for m=3/2. (12b) were next submersed a 1 mMODTS solution of 4:1 hexa-
8l s decane:chloroform for 30 min, during which the ODTS mol-

Here, Eq.(129 applied to any beam of sufficient length, ecules deposit on the polysilicon surfaces. The specimens

while Eq. (12b) applies only to the shortest adhered beam. were then transferred back to the solvents in reverse order,
S-shaped beams with long attachment lengthare al- and finally, removed from water and air dried.

ways free to approach the equilibrium adhered state; i.e.,

subsequent to a perturbation on the system which fosces B. Measurement procedures

from its equilibrium value,s; can be reached whether

" * . . X To make quantitative measurements of beam deforma-
>s7, or s<sj. In fact, the situation for large is very

1 , , ; : tions and adhered length, we equipped our Leitz Orthoplan
similar to Obreimoff's early fracture mechanics experinent optical microscope with a Michelson interferometric attach-
in which the fracture energy of mica was determined from ot and green light monochromat&47 nm as character-
interferometric measurements. Note that the situation for Ed,eq by spectrum photomeiryTo ensure minimal error due
(12b), although most commonly uf,f% Ztg report adhesion, i “hackground fringes were aligned parallel with the
measurements in micromachiniig*~*"* or to compare length of the beams using the tilt adjustment of the reference
calculations to dat&*®is precarious at best. This is becausegtace. Interference fringe intensity was recorded with a
the depth of the energy well, already exceedingly small foroharge coupled device camera, and subsequently, analyzed
the arc-shaped beams, approaches zero for the shortest %@:‘lng a standard image processing progfaminescan in-
hered beam. In other words, the equilibrium for S”di'b tensities along the length of adhered beams were converted
not always accessible; i.e., sigrows to be larger thas; ,  jntg y-deflection versusc-position data using a computer
the beam will pop off and an adhesive equilibrium can nop.ogram. An absolute deflection accuracy of about 50 nm
longer be found. We now proceed to the measurement Ogacross the entire beamand a relative accuradpixels near
deformations and equilibrium adhered lengths for a range 0f4ch otherof about 10 nm resulted. The spatial resolution of

cantilever beam geometries. our 20X objective was about Lm. Measurements of beam

height versus distance along the beam were used to assess
ll. EXPERIMENTAL METHODS AND RESULTS the adhered beam length and to provide a direct comparison
A. Specimen fabrication and surface treatment with beam deflections predicted from elasticity theory.

Ogr microm_achined structu_res were fabricate_d with one- Experimental results
photolithographic mask level. First, &= 1.8 um oxide was
deposited on single-cryst&l00-oriented silicon. At=2.3
um layer of polysilicon(as measured by a multiwavelength Measured deformations and adhered length for a hydro-
interferometerwas deposited at 600 °C and then annealed aphilic beam of lengthL =365 um are presented in Fig. 4.
1100 °C to relieve residual stresses. Cantilever beams of 2Bigure 4a) is an optical interferometric image showing three
pm width were defined in an array of increasibgwith ~ such adhered beams. Intensity versus position data from a
increments of 2um from 10 to 100um, and with increments linescan taken along the beam designated by a white line in
of 5 um from 100 to 50Qum. The beam support was defined Fig. 4(a) are plotted in the graph of Fig.(d) (right-handy
by making the polysilicon wider in this area. The samplesaxis). The beam comes into contact with the substrate at the
were placed in a controlled time HF acid etch such that thgoint where the linescan flattens out, at172.4 um (u
oxide under the beams was removed, but remained under the1820 nnm. From the linescan data; deformations were
support posts. The samples were next transferred to deiomomputed and are plotted as a solid line referenced to the
ized water, immersed in hydrogen peroxide to form a thinleft-hand axis of Fig. &). For comparison, predicted defor-
silica layer, and then transferred back to deionized water. mations for the extremes aofi=0 andm=3/2, using Eq(1),

One set of samples was removed from the water andre also plotted using dashed lines. It is seen that the actual
dried in air for two days or more. We shall refer to thesedeformations agree well with those predicted for the case
as the hydrophilic samples. The other set was treated witm=0, consistent with the S-shaped deformation for beams
a molecular coating of octadecyltrichlorosilane, adhered over a significant fraction of their length. Using

1. Hydrophilic beams
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FIG. 4. (a) Interferogram of several long beams subjected to hydrophilic 2000‘, L , L , N |I170
treatment(b) Linescan across the beam adjacent to the white line@pand ) 0 50 100 150
conversion tou(x) deflections, which compare well with the deflections (b) position (Hm)

from MH for S-shaped beams.

FIG. 5. (a) Interferogram of shorter beams subjected to hydrophilic treat-
ment. (b) Deflections of beam adjacent to the white line compare well with

_ _ _ the MH calculations for arc-shaped beams. The beam below remains in the
measured \{alues of = 172.34,um, h= 1&_300 nmt=23um, ¢ shape.

and assuminde=170 GP& an adhesion value df=11.3

mJ/n? was calculated using Eq412a.

Adhesion measurements on various length beams were . : :
. . . uces the strain energy that is stored in the beam, and hence,
made to determine the range over which deformation

matched the casen=0. For sufficiently long beams, the %he calgulatlon for adhesion according to EtRb) requires a
correction. Although a much smaller effect, the step-up post

agreement was excellent. However, as the beam length a ompliance is also nonzero for the case of S-shaped beams

proached the value of 17am, a transition to them=3/2 P P '

deformation was observed. For beams shorter thanuiis F|g..4._ In Appendix B, we use the measured slope at the
beginning of the beam and match the actual beam deforma-
the value ofm toggled between 0 and 3/2. An example of . : .
) N i : o ions to account for the step-up post compliance in both the
this behavior is seen in Fig. 5. In the interferometric image OfS_ and arc-shape cases. The correction decrdéases 11.3
Fig. 5a), the 140um long beam designated by the white P | :

lines has fringes out to its tip, indicating an arc-shaped beant”n0 9.4 mJ/r for the S-shaped beams, and from 222 to 91

geometry. Figure @) shows good agreement with e mJ/nt for the arc-shaped beams. Note that adhegiore-
— 3/2 deformation condition. The 14&m beam, just below mains a factor of 10 different even after this correction.

the designated beam, does not have fringes out to its tip. The A summary of the results for untreated beams is plotted

measured deformation on the 1481 beam agrees wellwitn 2°c2 (F TR B AT, T AT AR CERAE
them=0 beam deformation. All beams of less than 145 pep

. . to the right-hand axis. For long beams in the=0 condition,
length remain adhered with an arc shape. T . .
: . the variation inl" reflects beam-to-beam differences in local
The shortest value df for which beams remained ad- . o
. . : adhesion. The average and standard deviation for measured

hered was 5&m. If Eq. (12b) is used to quantifyf” for this . . .

: N . adhesion energies for S-shaped beams are reported in Table |
case, the result is thdt=222 mJ/m. However, as seen in

Fig. 6 (for the case of a 68um long bean, the measured (row D).

deformations lie somewhere between that predicted by thg .

m=0 andm=23/2 limiting conditions. This change in defor- ~ Hydrophobic beams

mation behavior is due to the compliance of the step-up post, Even though our ODTS-coated beams had a measured
which is expected to be non-negligible for beams below 10@ontact angle of about 105°, capillary action from drying was
um in this geometry* Compliance in the step-up post re- still able to pull beams into contact with the substrate. We
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FIG. 6. (a) Interferogram of short beariL =68 um) subjected to hydro- ) -

philic treatment(b) Deflections which compare poorly with the MH calcu- FIG. 7. (8) AdhesionI” and slope factomvs beam length. f_or hydrop_hlllc

lations for arc-shaped beams due to significant support-post compliance. treatment. The value of the shortest arc-shaped beam is approximately ten
times higher than the S-shaped bearti®. Hydrophobic treatment. The

value of the shortest arc-shaped beam is approximately three times higher
than the S-shaped beams.

are certain attachment occurred during drying because beams

were observed to be free under an optical microscope just

before being removed from water. We believe that this resul

is explained by the observation thatceding contacting Eq. (129. By making a correction as reported in Table Ill,

angles are often observed to be smaller than advancing COla value is reduced to 3.6 mEniThe transition fromm
tact angles, a phenomenon known as contact-angle ;

. . : ; =0 tom=23/2 was abrupt at =250 to 245um; no toggling

5

hys.teresﬁ. F“T‘her confirmation qf this §tems from an €X" hetween the values oh was apparent. The shortest adhered
periment in which we performed video microscopy of drying

. o 4 beam was at =120 um. Compared to the hydrophilic case,
of previously adhered ODTS beams. Thissitu drying ex- the measured deformation conformed well with the arc

periment was conducted without interferometry in order to hape, indicating that compliance in the step-up post is small.
allow sufficient free-working distance between the water an%sing,Eq (12b results in an adhesion value &¥=12.1

the microscope objective. Out-qf-pla_me deflections CO.UI.d St'.”mJ/mz. The correction as reported in Table Il now redu€es
be observed because green light is weakly transmitting i

- . ) IE)nly to 9.5 mJ/M. Note that this value remains approxi-

polysilicon, giving nse to a weak bu.t observable Contrast'mately three times larger than that obtained with beams ad-
Although a drylng front O.f water moving across the Surfacehered in the S-shaped geometry. The results are summarized
was observable in one video frame and had disappeared IR Fig. 7(b), and the average and standard deviation S-shaped

Ejhrgpnhixl;ic:sgur:‘:\c:lst%\r/il::r tr?arlr:ZiL?a%ldm\i/cerlc?s?cl:tzpci)g/aellrytihnetrrlz_vi-beams is tabulated in Table I. Note that the average value of
cinity of the beams for a full second, and clearly pulled theF 's approximately five times lower for the hydrophobic than

beams further in. ODTS density on the substrate surface itspe hydrophilic beams.

known to be a strong function of deposition conditidhsve
hypothesize that because the ODTS film did not attain maxi- 3
mum density in our deposition, the adhesion-controlling re—TABLE . I for S-shaped beamsi(=0).
ceding contact anglé., was less than 90°. Treatment I' (mJ/nf) o all’

For long ODTS-treated beams, we observed again excel=
lent agreement with deformations predicted for tine=0

condition yielding ans} of 225 um. This adhesion length

Eorresponds to an adhesion energyla£3.9 mJ/nt using

Hydrophilic 16.5 8.2 0.5
Hydrophobic 3.4 0.5 0.16
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TABLE II. Values forL, . andLgq Vs 6, - TABLE Ill. Corrected values of".
Liip,c Ltip.0 Uncorrected  Corrected
Ocr (um) (wm) Treatment Beam shape s (um) ' (mJ/nf) T (mJ/nf)
0 74.6 129.3 Hydrophilic Arc 58 222 91
30 77.4 134.0 S 172 11.3 9.4
60 88.8 153.7 Hydrophobic Arc 120 12.1 9.5
80 115.6 200.3 S 225 3.9 3.6
85 137.4 237.9
89 205.3 355.7
89.9 365.1 632.4
89.99 649.3 1124.6

(2) What is the behavior of beams in the transition from
the S shape to the arc shape? How are the equilibria for the
S- and arc-shaped beams attained?

IV. DISCUSSION The equilibrium mechanics. i_n Sec. IIB suggest that
there should be an abrupt transition length at which the

In this section we use our experimental results to addresgansition from S- to arc-shaped beams occurs. The values of

each of the questions that we posed in Sec. I. L+, can be determined quantitatively by carrying out the ex-
(1) Are the predicted beam deflections valid for micro- ercise in Sec. 11B, based on knowing the valueIbffor
machined beams? S-shaped beams. For the hydrophilic case, we calculgte

Using interferometry, we have carefully compared actual=174.5um, while as shown in Sec. Il B,,=242.3um for
beam deformations against those assumed in the model tie hydrophobic case. Figure 7 confirms that this behavior is
MH. For adhered beams which come into contact with theobserved experimentally, and is in excellent quantitative
substrate beyond 120m from the support post, we find that agreement with the calculations fbg,. For the hydrophilic
the deformations match those of MH quite well. However,films, the transition length occurs from 180 to 146, while
we find that the arc-shaped beams with hydrophilic surfacefor the hydrophobic beams the transition occurs from 250 to
yield deformations that are considerably different that pre245 um. The larger range of the transition observed experi-
dicted by the simple model. The explanation is that the dementally in the hydrophilic compared to the hydrophobic
formation model assumes a rigid support post, while the acease is due to larger local differences in adhesion. Note that
tual micromachined beams have more complex andhe ratio of standard deviation to average adhesion for
compliant support-post geometries. In our processing apS-shaped beamsyT’, is 0.45 for the hydrophilic beams ver-
proach, undercutting of the rigid support post occurs duringsus 0.16 for the hydrophobic beams. Because the ratio ap-
the release etch and contributes additional compliance to theroaches one half, it is not surprising to observe that the
beam structure. In Appendix B, we showed how the effect otransition length varies in the hydrophilic case. Hence, a non-
compliance could be evaluated. Other fabrication approachesbrupt value ofL, indicates that adhesion is not well con-
for support posts, such as that used by MH, avoid the undetfolled locally.
cutting problem but also involve inherently compliant How are the equilibria for the S- and arc-shaped beams
support-post structures. attained? For the hydrophilic case, the shortest beam at-

Our results show that support-post compliance errors intached is 58um. According to the calculations outlined in
crease as the actual adhesion energy increases. This sim@lppendix B, this beam is effectively 78m long when the
reflects the increased torque generated by a larger adhesistep-up post compliance is considered. Therefore, from
force at the adhered end of the beam. Although support-pogdtable Il the receding contact angl, of the drying water
compliance is most apparent for the shortest adhered beanmust be near 0° in the hydrophilic case, because thgn
close examination of Figs.(d) and §b) suggests that some ~75 um. Furthermore, from Table II, fol,,=0°, Ly,
support-post compliance may be responsible for the smah-130 um. Recall thatL,=174.5um for this case. We hy-
discrepancy between the measured and predicted deformpethesize the following occurs during the drying process:
tions in the S-shaped configuration. MH suggest that the eftong beams withL>L+, are pulled in to a valuesy,
fect of support-post compliance on the measured adhesiortLg, o=130 um when the capillary exerts its maximum
energy can be removed by plotting the detachment length dsrce. Because adhesion enerdy=10 mJd/nt is much
a function of beam dimensions. In order to implement thissmaller than 3 cos@.,)=146 mJ/m, surface energy exerts
approach one must independently vary the support-posinly a weak subsequent effect, and therefag, is only
height and beam thickness. However, the processing modifslightly less thanl,,. However, becausey =172.4 um,
cations needed to independently vary the beam dimensiortke equilibrium is approached from the left as the liquid dries
are difficult to achieve and may themselves lead to intrinsidi.e., Syi,<Sy). Intermediate length beams with,>L
changes in the curvature of the polysilicon or surface rough=L,, are also pulled into the S shape by capillary action.
ness that can also influence the measured adhesion energhe beam gradually reverts to the arc shape as the capillary
For this reason it is best to directly confirm the nature ofdries, because capillary forces remaining over part of the
deflections of the adhered beams and make correctiortseam will keep it in contact with the substrate. Finally, for
which account for the step-up post compliance. We haveshort beams with. <L;,,, the beam never attains the S
carried out this procedure as outlined in Appendix B. shape. These remain adhered at their tip, however, as drying
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progresses. In effect, any beam which contacts the substrate
as its tip remains in contact. This is equivalent to the asser-
tion by Abe and Reedf To confirm this hypothesisn situ
drying experiments under interferometric conditions are re-
quired.

For the hydrophobic casé,, is at most 82° from Table
II, such that beams of length=120 um are pulled into
contact with the substrate. Therefotg;, ;~210 um. Sur- ]
face energy due to capillary force is nowy2os(@,) ]
=20 mJ/nt. This remains larger than surface eneigy3 - >
mJ/nt, Syin IS again only slightly less thaln, 5. The drying 10 um
sequence is qualitatively similar to the hydrophilic case forgG. 8. Atomic force microscope linescan of the bottom side of a polysili-
the long, medium, and short length beams. con cantilever beam.

(3) Are the values for adhesion between S- and arc-

shaped beams equivalent? If not, what factors influence Me@nly over microscopic lengths. As seen in FigdR a beam
sured differences? which has just made the transition from the S to the arc
Using corrections as outlined in Appendix B, we were shape is adhered over200 nm. However, the shortest arc-
able to directly compare the adhesion energy as determineshaped beams will be adhered only over a few tens of na-
by the conventional shortest attached beam method and 6meters according to the MH calculations. The atomic force
our adhered length approach. We found a significant discregmicroscope linescan in Fig. 8 shows that the period of major
ancy between the results produced by the two methods, fagsperity peaks on these surfa¢esl um) is greater than the
tors of 10 and 3 for the hydrophilic and hydrophobic casespredicted length of contact at the tip of the beam. In this
respectively. Therefore, the values measured by the tweijtuation it is clear that statistical models for true contact area
methodsare not equivalentBefore we address differences will not be reliable. Given this large difference in contact
between measurement approaches, it is important to undegeometries for the two measurement approaches, it is not
stand the absolute values obtained. For this purpose, we coRard to believe that the actual contact in the vicinity of the
sider the hydrophilic samples that were treated only withcrack tip will also be significantly different for each beam.
hydrogen peroxide before drying from DI water. This treat-This actual contact area cannot be explored through direct
ment results in beam and substrate surfaces that are coverggasurement techniques. It will be interesting in the future
by a thin layer of hydrophilic Si@ In a previous report/ we  to apply numerical techniques such as those developed by
showed that the adhesion energy for silica-covered surfacefian and Bhushd**to model the actual area of contact for
is controlled by the inherent roughness of the polysiliconthe two contact geometries. Perhaps such estimates could
For perfectly smooth, wetted surfaces one predicts anéielp quantify the effect of roughness on a real contact.
measure® an adhesion energy that is twice the surface en- A second effect that may also contribute to the observed
ergy of water =73 mJI/nT), or about 146 mJ/A In  difference between apparent adhesion values is related to the
the case of rough surfaces, the apparent adhesion can beying process itself. As water evaporates from the contact
more than an order of magnitude lower due to the limitedregion of arc-shaped beams, impurities will necessarily con-
area of actual contact between surface asperities, and tlwentrate in the capillary drop at the tip of the beam. In the
adhesion increases exponentially with relative humitfity. limit as the capillary volume vanishes, impurities or solubil-
This helps us to understand wHy is much lower than ity products may actually precipitate and lead to the possible
2ywater fOr the hydrophilic beams. Of course, at saturationformation of a porous solid network in the vicinity of the tip
humidity conditions liquid is expected to fill the entire region of the beam. Previous fracture mechanics measurefients
surrounding individual asperities and lead to adhesion valuelsave shown that precipitation of soluble silicates can support
comparable with smooth surface conditions. stress across solid silicate interfaces. In this scenario, the
Because surface roughness can play a significant fact@ffective contact area can become much larger than the cal-
in the apparent adhesion energy, one might ask whether thmilated value leading to an overestimate of the surface en-
differences observed between measurement techniques masgy. Again, the extremely small contact region in the arc-
also be due to factors associated with surface roughness. Tehaped beam makes this measurement approach very
fact that the actual surface roughness was the same for aknsitive to the nature and size of the contact region. Alter-
beams argues against this notion. However, the contact geatively, S-shaped beams with their extended adhesive inter-
ometry is quite different for the S- and arc-shaped beamdace are expected to be much less sensitive to such effects.
S-shaped beams make contact with the substrate over a While the S-shaped beam gives a more reliable value of
length that is large compared with the scale of the surfacadhesion than the arc-shaped beam, the latter is of great prac-
roughness. Such a geometry closely approximates the pardleal significance. This is because the shortest beam to adhere
lel contact of extended surfaces that has been the topic afill always limit the use of MEMS devices. Two-
previous studies of rough surface contdtvhen the area of dimensional meniscus effects on the sticking of arc-shaped
contact is much greater than the scale of roughness, it iseams were discussed in Refs. 13 and 14. Narrow-width arc-
appropriate to use a statistically averaged measure of surfashaped beams are less likely to stick than wide arc-shaped
topography. Alternatively, arc-shaped beams make contadteams, possibly due to meniscus efféétsore work will

—

<4— 10 nm
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be necessary to elucidate the full three-dimensional nature dbre, adhesion is accurately assessed. While surface micro-
capillary drying and its interplay with adhesion. machined structures were used as test samples here,
S-shaped cantilever beams may be used to appropriately

measure adhesion at smaller and larger scales.
V. SUMMARY AND CONCLUSIONS

We have explored in detail the deformations and adheaCckNOWLEDGMENTS

sive equilibria of micromachined cantilever beams. Our sum- ) ) o )
mary and conclusions are as follows: Sandia National Laboratories is a multiprogram labora-

(1) The deformations for adhered beams were measurel@’y operated by Sandia Corporation, a Lockheed-Martin
by interferometry for arc- and S-shaped beams, and found tgompany, for the United States Department of Energy under
agree to first order with the elasticity calculations of MH. €ontract No. DE-AC04-94AL85000. The authors thank
This verifies that for long beams>120 um for our geom- nggy Clews.and Tom Gugliotta and the entire staff at the
etry), the strain energies calculated by MH are appropriate ificroelectronics Development Laboratory at Sandia Na-
making adhesion calculations. Discrepancies were significaﬁtonal Laboratories for preparing the samples.
for adhered beam lengths less than 2@, and could be
explained and modeled by nonzero support-post Comp"anCQ(ppEme A: DETERMINATION OF CHARACTERISTIC

(2) An abrupt transition from an S- to an arc-shapedggam LENGTHS Lipo AND Lyp ¢
beam asL decreases was predicted theoretically, and ob- ) . ]
served experimentally. This is explained by the disappear- Capillary action exerts negative pressure on a beam as
ance of a local minimum at* of total system energy; as ~ S€en in F_|g. 9. A Complete u_nderstandm_g of _the drying prob-
L is decreased. Excellent agreement between calculatiol@M requires a three-dimensional analysind is beyond the
and experiment for the transition lendth, was obtained by ~SCOPe c_)f this work. However, a reasonable angly3|s for char-
using the value for adhesiohi for S-shaped beams. This acteristic beam lengths for the case-h from which we can
suggests that the value Bffor S-shaped beams controls the 9ain some insight into the strength of the capillary liquid is
transition length, rather than the value Bffor arc-shaped Provided in this appendix. . .
beams. For a given capillary force, we wish to determine the

(3) Adhesion is best measured on S-shaped cantilevdgngth of the shortest bearhgp o, for which the beam tip
beams which impose a deep energy well and good fractur@@kes a shear anglg=0 at some point during the drying
mechanics equilibrium. When compared to the method oProcess. For any beam of length greater thgg,, surface
determining the shortest adhered beam in an array of bean®&ergy will cause the crack length to become shorter than
with a high-power objective, measurement of a singleltpo during the drying process. Beams shorter thap,o
S-shaped beam by interferometry permits a much smallegannot reach the S—_shaped conﬂgura}mn. We need to solve
area to be occupied to obtain adhesion values. This is valfor the beam deflection when the capillary extends from the
able because of the expense of real estate area in a MEMBIPPOrt post to the tip of the beam. In this situation, the beam
device. S-shaped beams also provide much higher resolutidf Uniformly loaded by a force, as in Fig. 9. A point reac-
on adhesion than the method of determining the shortest adion P at the beam tip opposes this force, Fig. 9. _
hered beam. Adhesion statistics are obtained in a straightfor- From the beam theory, the beam is in contact with the
ward manner by measuring several S-shaped beams in clogébstrate if
proximity. qL* PL®

(4) The apparent adhesion calculated for the shortestarc-  W(L)=g=y=357=h, (A1)
shaped beam can be different from the adhesion for S-shaped
beams. The probable reason is that the attachment lehgthand is at an anglé=0 at its tip if
for arc-shaped beams, calculated from beam theory but im- qL® PL2
possible to confirm experimentally, is incorrect. Due to sta- ﬁ—ﬁzo.
tistical variations in roughness, the contact area sampled by
the crack tip of the arc-shaped beam may be smaller or largdfrom Eq. (A2), P=qL/3, and from Eg. (Al), q
than that sampled by the crack tip of the S-shaped beam. K72hEI/L*. Therefore, the shortest beam which will be
the beam is dried from a liquid environment in which capil- brought into contact to the substrate with an angjt® at its
lary action has brought it in contact with the substrate, thdip is at
effective contact area is very likely larger than the calculated
value, giving rise to an anomalously high value of adhesion.

We have demonstrated that the S-shaped cantilever
beam configuration should be adopted for detailed studies of
adhesion forces in surface micromachining. This method
gives great latitude in measuring autoadhesion because the
equilibrium is deep and easily attainable from either side of
the equilibrium. Studies such as the effect of environment on
autoadhesion are readily adapted to this metfaith in-
terferometry, the crack lengthis well resolved, and there- FIG. 9. Forces on the beam during the liquid drying process.

(A2)
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72EIh\ Y4
L=l .

Ltip,0:

Likewise, the shortest beam which will be brought into
contact at its tip with an anglé>0 is atL, ., where

8Elh\| Y4
I-tip,c: .

q
The uniform loadingq is calculated from the Laplace pres-
sureq/w=y/r, wherevy is the surface tension of the liquid,
andr is the radius of the drop in Fig. 9. It is a simple geo-
metrical exercise to show that= (h/2 cosé,,), whered,, is

(Ad)

the receding contact angle of water with the solid. Therefore,,

g/w=2ycosé,,/h. (A5)
Finally,
Et3h2 |14
Liipo= V3 Liip,c= (W) : (AB)

In Table Il, we give some calculated lengths 1og, , and
Lip,c- The valuesE=170 GPa,y= yyae~ 73 MN/m, w
=20 um, h=1.8 um, andt=2.3 um are assumed.

The analysis here provides an upper boundLfgy, and
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